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Tuesday, February 23, 2010 521acurrent. The magnitude of the gating charge in Kv1.2 potassium channel is cal-
culated from more than 1microsecond of all-atom molecular dynamics simula-
tion. Free energy calculations are performed to determine the individual contri-
bution of several (nine) charged residues of the VSD to the gating charge. The
total gating charge obtained for the refined models of the channel is ~10.5e, in-
dicating that the refined model of the closed resting state most likely represents
an intermediate conformation that precedes closing of the channel. Through
steered molecular dynamics (SMD) simulations we identify a closed conforma-
tion of the channel, corresponding to a gating charge of 12.7e, in accord with
experimental values obtained for the Shaker potassium channel.
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Sensor Domain in the Kv1.2 Channel
Luca Maragliano1, Fatemeh Khalili-Araghi2, Emad Tajkhorshid2,
Klaus Schulten2, Benoit Roux1.
1Department of Biochemistry and Molecular Biology, University of Chicago,
Chicago, IL, USA, 2Theoretical and Computational Biophysics Group,
Beckman Institute, University of Illinois at Urbana-Champaign, Urbana, IL,
USA.
Voltage-gated potassium channels are homotetrameric proteins that undergo
conformational transitions in response to variations of the transmembrane po-
tential, resulting in the opening and closing of the channel. Each protein subunit
is made of six transmembrane segments (S1 - S6) arranged in two distinct do-
mains, the voltage-sensor domain (VSD, helices S1 - S4) and the pore domain
(S5 - S6), with the VSDs surrounding the pore domain. Voltage sensing occurs
on S4 helices of the VSDs, where charged residues, four arginines in particular,
respond to changes in the transmembrane electric field, triggering the confor-
mational transition in the domain and eventually in the full channel. Using
the available X-ray structure of the Kv1.2 full channel in the open state as a ref-
erence, both its open and closed states have recently been modeled and refined
via molecular dynamics (MD) simulations, but the sequence of events along the
transition path is not known in atomic detail. To investigate this path, we em-
ploy the string method with swarms-of-trajectories with all-atom MD simula-
tions. Given an initial guess for the path (the string) in the space of a large
set of representative variables, the method finds the most probable path by mon-
itoring the average dynamical evolution of each replica along the path. Once
the string has converged, we compute the free energy and the rate for the tran-
sition using a recently developed variation of the milestoning method. We
study the conformational transition for an isolated VSD as well as for one
VSD in the full-length channel starting from the open conformation, in the pres-
ence of explicit water-membrane environment. [Supported by NIH grant
GM062342 and GM067887].
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We present a novel method to extract 3-dimensional conformational change
within select protein systems using a Monte Carlo-based curve fitting algorithm
applied to lanthanide resonance energy transfer (LRET) recordings. The key con-
cept is to fit a constrained 3D geometry directly to a multi-exponential LRET de-
cay. The preparation must be an n-subunit homomeric protein with each subunit
containing a genetically encoded lanthanide binding tag (LBT), which holds ter-
bium locked to the backboneof the protein.Afluorophore-labeledacceptor-carrier
(toxin or ligand) is bound to the protein. The n terbium atoms and single fluoro-
phore create n donor-acceptor pairs. During energy transfer, the acceptor can dif-
fuse about its labeling site, thus producing a cloud of possible acceptor locations.
Wemodel the positions of the acceptor bound to the acceptor-carrier/protein com-
plex by a comprehensive dihedral angle scan including energy calculations at each
scan position. We compute n effective distances from the donors to the acceptor
cloud. We construct a multi-exponential decay by relating each decay component
to its effective distance using Forster theory constrained by the decay amplitude
relation to time constant for sensitized emission. The computational task is to
find the donor geometry that produces a distance combination that best fits the
LRET decay. A Monte Carlo approach is used to sample geometries to find the
best fit. The resulting geometry is a 3-dimensional solution, which is unique due
to the acceptor cloud asymmetry and position. Our experimental application is
the Shaker Kþ channel with labeled Agitoxin bound to the pore. Our results
from Shaker with the LBT located near the top of S4 in the inactivated state areconsistent with the open/inactivated Kv1.2 crystal structure. Most interestingly,
results in the closed and open states agree with experimental evidence. Support:
NIH GM062342,GM068044,GM030376.
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Segments S4 and S5 in Voltage Gated Channels potassium channels are contig-
uous and specific residues of these segments get in atomic proximity in a state-
dependent way (Laine´ et al., 2003; Lewis et al., 2008). In Shaker, the double
mutation R362HþA419H stabilizes the conducting state of the channels
when a metal bridge is formed in the presence of Zn2þ (Laine´ et al., 2003).
These results were obtained from ionic conduction experiments but gave no di-
rect information on the dynamics of the Voltage Sensing Domain (VSD) of
Shaker. As a proxy for the movement of the VSD, we studied the proton cur-
rents through the VSD that results by the double mutation R362HþA419H,
on the ultra-fast-inactivating Shaker W434F. When the holding potential
(HP) was 0 mV, the current-voltage relation of the proton current (Ip-V) was
shifted towards negative potentials as compared to the Ip-V when HP was
90 mV, as expected from the relaxation that the VSD undergoes at maintained
depolarization. When HP was 0 mV, the proton current was decreased and
the Ip-V was further shifted by increasing the concentration of Ni2þ or Zn2þ
(10 mM-100 mM). In contrast, no changes were observed in the Ip-V voltage
dependence with Ni2þ or Zn2þ when holding at 90 mV. In the presence of
Ni2þ or Zn2þ the proton current showed a second slower kinetic component,
whose relative amplitude was increased with an increase in Ni2þor Zn2. Fluo-
rescence recordings with a probe in M356C showed that Zn2þ decreased the
rate of TMRM dequenching when pulsing to negative potentials from an HP
of 0 mV, consistent with the proton current results. These observations indicate
that the metal bridge between R362H and A419H stabilizes the relaxed state of
the VSD (Support NIHGM030376).
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Omega current is a cation-selective current conducted through the voltage sen-
sor domain of ion channel when the first arginine R1 is replaced by a short res-
idue. We were able to show Omega current for three different gaps along the
voltage sensor S4 in Shaker potassium channel. These omega currents appear
when two successive arginines were mutated to short amino acids (serines) cre-
ating a gap of short residues in between the long residues. The omega current
starts to show at different negative potentials according to the position of the
mutated arginines and down to approximately 200 mV. While the classical
mutant which has Ala359 and R362S occupying the pore show an onset of
omega current at 70 mV, the two other mutants with gaps at R362S/R365S
and R365S/R368S showed omega onsets at50 and30 mV respectively (Ga-
mal El-Din et al. Biophys. J. 96(3) pp. 381a 2009). The Omega current in the
three constructs were conducted down to 200 mV and voltage-dependent
closing of the gaps seems to occur at potentials less than 200 mV. Fluores-
cence of EGFP-bound ion channels was used as a measure of number of ex-
pressed ion channels and thus to quantify the omega currents. The biophysical
properties of these different omega pores (current-voltage, conductance and
gating charge-voltage correlations) are presented in this work. Gating charge
for the different constructs is correlated with our proposed model of the gating
steps of the voltage sensor S4.
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We previously have shown that each replacement of a pair of long amino acid
residues by short ones at 3 different sequential positions along the arginine
thread of S4 in Shaker led to an omega conductance through a proteinaceous
leak pore (Gamal El-Din et al., Biophys. J. 96(3) pp. 381a, 2009). For the al-
ready known omega current mutation R362S, we showed that it leaks only if
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ginine to serine mutations at the subsequent positions 362,365 and 365,368 also
produce omega current. This was taken as evidence that S4 slides in 3 steps
through a pore towards the activated state. Each pair of 2 short serines in be-
tween the thread of long arginines appears as a gap which allows a leak
when in the omega pore.
Here, we present further studies of the abovemutants over a wider voltage range,
in addition with the alpha pore open (434W) to detect the open state with alpha
current.We found that S4 in all 3 omega constructs can reach the final open state
where omega current has disappeared and alpha current appears. This provides
clear evidence that all 3 S4 constructs - despite the arginine-to-serine gap - still
proceed to the open state, although at different voltages.We also analyzed in de-
tail the voltage range over which the omega pore remains open, i.e. is occupied by
the gap. In the caseswhere the pore could beclosed, the voltage dependence for the
closingprocesswas studied.While all constructs close inoutwarddirection, a clear
inward directed closing of the omega-pore could so far only be demonstrated for
the RR/365,368/SS construct.
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It is commonly thought thatC-type inactivation is the result of constriction or "col-
lapse" of the outer mouth of a voltage-gated Kþ channel. It is well established that
conduction requires that the selectivity filter be a good fit for a dehydrated Kþ ion.
In theory, failure to conduct could thus result from dilation of the filter, making it
too large to effectively complex aKþ ion.Ourmodeling and simulations aswell as
a review of the literature give support to this idea. Lowering or removing Kþ from
the external (and/or the internal) solution is known to promoteC-type inactivation.
Our simulations show that external Kþ removal causes dilation of the outermost
site in the selectivity filter, an expected consequence of the mutual repulsion be-
tween the oriented dipoles of the filter.
Dilation makes the outer site capable
of accepting a partially hydrated Naþ
ion, but inactivates the channel be-
cause the Naþ cannot move into Sites
2-4,which areKþ selective.Removing
internal Kþ causes the inner sites to di-
late, making the pore Naþ selective.
Thechainof events that followchannel
activation and allow pore dilation are
under investigation.2700-Pos
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Kv3.1 channels are characterized by fast activation and deactivation kinetics
with a quite positive threshold of activation. In the central nervous system
they are involved in the high-frequency firing pattern of neurons. Given
some controversy on Kv3.1 channel gating, we performed an in-depth anal-
ysis of WT Kv3.1 gating currents elicited in mammalian Ltk- cells. The Q/
V curves determined from integrating either QON or QOFF were comparable
and were best fitted with a double Boltzmann distribution. The Q/V curves
were shifted by approximately 15 mV towards more hyperpolarized potentials
compared to the ionic G/V curve, indicating that a substantial charge was
moved during closed-state transitions. The double component in the Q/V
curve and a bi-exponential decay of IgON indicated that the charge was carried
by at least two distinct transition steps, contrary to earlier reports for Kv3.2b,
but more consistent with Shaker, Kv1.5 and Kv2.1 channels. Since the inte-
grals of QON and QOFF were identical, there was no charge immobilization
within a 125 ms depolarization. The time course of IgOFF was fast after short
depolarizations, but displayed Shaker-like slowing with increasing step dura-
tion for depolarizations positive to the threshold for ionic current activation.
Since 4-AP blocks the concerted opening step in Shaker, we used it to sep-
arate the two components of IgOFF. In the presence of 3 mM 4-AP only the
fast IgOFF remained, indicating that the slowing is linked to a final concerted
step in channel opening which appears to be a general gating feature of Kv
channels.2701-Pos
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The electromechanical coupling occurs between the ion conducting pore and
the peripheral voltage sensors in voltage-gated ion channels. It has been es-
tablished that the voltage sensor undergoes a complex conformational change
upon depolarization of the membrane potential, which eventually leads to
opening of the helical bundle crossing. The S4-S5 linker, the covalent link
between voltage sensor and pore, has been shown to anneal to the C-termi-
nus of the S6. This interaction is essential for electromechanical coupling.
Still the molecular mechanism of the electromechanical coupling remains
unclear. Here, we used voltage clamp fluorometry in a cut-open oocyte con-
figuration in order to further elucidate the residues responsible for the energy
transfer from the sensor to the pore. We identified an intersubunit interac-
tion, coupling the S4-S5 linker to the neighboring S6. This interaction is re-
sponsible for the slow component of the gating current upon return to neg-
ative membrane potential. The slow off gating component has been
described early on but its molecular determinants were not identified previ-
ously. Alteration of any of the three interaction partners involved variably
leads to shift of the QV, uncoupling of pore from voltage sensor movement
and abolishment / slowing (increase of binding energy) of the slow off gat-
ing component. We also demonstrated that the interaction does not require
pore opening, although it is increased in the open pore state. The data sug-
gest that this interaction stabilizes the activated state and thereby contributes
to electromechanical coupling.
(This work is financially supported by CIHR MOP-81351 & CRC 202965.)
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Inactivation in Kv channels plays a key role in dynamic regulation of neu-
ronal excitability. Multifunctional auxiliary subunit KChIPs1-4 co-assemble
with pore-forming rapidly inactivating Kv4 a subunits to form a native com-
plex that encodes somatodentritic A-type Kþ current in neurons. KChIP1 in-
creases Kv4 surface expression, speeds up steady-state inactivation with
a moderate effect on fast inactivation. In contrast, KChIP4 variant KChIP4a
functions as a suppressor of inactivation to eliminate the fast inactivation of
Kv4 channels, but neither promotes surface expression nor has any effect on
recovery time constant. We have recently determined the crystal structure of
KChIP4a that reveals a distinct hydrophobic N-terminus as well as a core
structure showing overlap with known KChIP1. In this study, we transfected
HEK 293 cells that were solubilized andFast Protein Liquid Chromatography
(FPLC) analysis was performed with Size Exclusion Chromatography (SEC)
using a Superdex 200 column. The SEC-FPLC assay reveals that KChIP4a
proteins self-associate to form multimers with three peaks, compared with
a single peak of KChIP1 dominated by monomer. Mutations in N-terminal
key residues of KChIP4a can turn multimeric proteins into monomers with
a single peak on SEC. Two-electrode voltage clamp in oocytes confirms
that disruption of multimeric state of KChIP4a proteins can convert its
non-inactivating function into fast inactivating like KChIP1. Taken together,
our findings of key residues in N-terminal KChIP4a critical for conversion
between fast and slow inactivation may be a site of action for chemical com-
pounds that can alter channel inactivation for a potential therapy of mem-
brane excitability-related disorders.
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Shal-gene-related voltage-gated potassium (Kv4) channels exhibit a prominent
low-voltage-induced closed-state inactivation. Recent experimental results
show that the S4 voltage sensor drives closed-state inactivation (Dougherty
et al., J Gen Physiol 131: 257-273, 2008), and that the S4S5 linker and the
main S6 activation gate are instrumental in the installment of closed-state in-
activation (Barghaan and Ba¨hring, J Gen Physiol 133: 205-224, 2009). In par-
ticular, an inactivated voltage sensor conformation correlates with a temporary
